Edith Cowan University

Research Online
Research outputs 2014 to 2021
2017

First circumglobal assessment of Southern Hemisphere
humpback whale mitochondrial genetic variation and implications
for management
Howard C. Rosenbaum
Francine Kershaw
Martín Mendez
Cristina Pomilla
Matthew S. Leslie

See next page for additional authors

Follow this and additional works at: https://ro.ecu.edu.au/ecuworkspost2013
Part of the Biology Commons, and the Terrestrial and Aquatic Ecology Commons
10.3354/ESR00822
Rosenbaum, H. C., Kershaw, F., Mendez, M., Pomilla, C., Leslie, M. S., Findlay, K. P., . . . Baker, C. S. (2017). First
circumglobal assessment of Southern Hemisphere humpback whale mitochondrial genetic variation and
implications for management. Endangered Species Research, 32, 551-567.
https://doi.org/10.3354/ESR00822
This Journal Article is posted at Research Online.
https://ro.ecu.edu.au/ecuworkspost2013/11276

Authors
Howard C. Rosenbaum, Francine Kershaw, Martín Mendez, Cristina Pomilla, Matthew S. Leslie, Ken P.
Findlay, Peter B. Best, Timothy Collins, Michel Vely, Marcia H. Engel, Robert Baldwin, Gianna Minton,
Michael Meÿer, Lilian Flórez-González, M. Michael Poole, Nan Hauser, Claire Garrigue, Muriel Brasseur,
John Bannister, Megan Anderson, Carlos Olavarría, and C. Scott Baker

This journal article is available at Research Online: https://ro.ecu.edu.au/ecuworkspost2013/11276

Vol. 32: 551–567, 2017
https://doi.org/10.3354/esr00822

ENDANGERED SPECIES RESEARCH
Endang Species Res

Published June 27

OPEN
ACCESS

First circumglobal assessment of Southern
Hemisphere humpback whale mitochondrial
genetic variation and implications
for management
Howard C. Rosenbaum1, 2,*, Francine Kershaw3, 4, Martín Mendez2, 5,
Cristina Pomilla2, 6, Matthew S. Leslie2, 7, Ken P. Findlay8, Peter B. Best9,
Timothy Collins1, Michel Vely10, Marcia H. Engel11, Robert Baldwin12,
Gianna Minton13, Michael Meÿer14, Lilian Flórez-González15, M. Michael Poole16,17,
Nan Hauser16,18, Claire Garrigue16,19, Muriel Brasseur20, John Bannister21,
Megan Anderson22, 23, Carlos Olavarría24, 25, C. Scott Baker16, 26
1

Wildlife Conservation Society, Ocean Giants Program, 2300 Southern Boulevard, Bronx, NY 10460, USA
Sackler Institute for Comparative Genomics, American Museum of Natural History, 79th Street and Central Park W,
New York, NY 10024, USA

2

Affiliations for other authors are given in the Supplement at www.int-res.com/articles/suppl/n032p551_supp.pdf

ABSTRACT: The description of genetic population structure over a species’ geographic range can
provide insights into its evolutionary history and also support effective management efforts.
Assessments for globally distributed species are rare, however, requiring significant international
coordination and collaboration. The global distribution of demographically discrete populations
for the humpback whale Megaptera novaeangliae is not fully known, hampering the definition of
appropriate management units. Here, we present the first circumglobal assessment of mitochondrial genetic population structure across the species’ range in the Southern Hemisphere and
Arabian Sea. We combine new and existing data from the mitochondrial (mt)DNA control region
that resulted in a 311 bp consensus sequence of the mtDNA control region for 3009 individuals
sampled across 14 breeding stocks and subpopulations currently recognized by the International
Whaling Commission. We assess genetic diversity and test for genetic differentiation and also
estimate the magnitude and directionality of historic matrilineal gene flow between putative populations. Our results indicate that maternally directed site fidelity drives significant genetic population structure between breeding stocks within ocean basins. However, patterns of connectivity
differ across the circumpolar range, possibly as a result of differences in the extent of longitudinal
movements on feeding areas. The number of population comparisons observed to be significantly
differentiated were found to diminish at the subpopulation scale when nucleotide differences
were examined, indicating that more complex processes underlie genetic structure at this scale.
It is crucial that these complexities and uncertainties are afforded greater consideration in management and regulatory efforts.
KEY WORDS: Humpback whale · International Whaling Commission · Management unit ·
Population structure · Southern Hemisphere · Arabian Sea
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INTRODUCTION
Multiple biotic and abiotic factors operating at
various spatial scales affect connectivity and rates of
gene flow, thereby influencing the genetic population structure of a species across its geographic range
(Anderson et al. 2010). Sufficient sampling at the
scale of a species’ range is therefore necessary to test
for the existence of, and explain, geographic patterns. Non-representative sampling may result in a
disproportionate level of importance being afforded
to local processes in terms of their influence on the
spatial structuring of populations, whereas processes
operating over broader spatial scales remain undetected (Petit 2008). For globally distributed species,
hemisphere-wide genetic studies provide an unparalleled perspective on the distribution and connectivity of population units (e.g. Peacock et al. 2015). Assessments of population structure at the hemisphere
scale are rare, however, as they require international
coordination and collaboration between multiple
governmental, managerial, and scientific entities.
Humpback whales Megaptera novaeangliae are
globally distributed baleen whales that undertake
annual long-distance migrations between warm lowlatitude breeding areas and cold, highly productive
feeding areas near the poles (Mackintosh 1942). The
International Whaling Commission (IWC) defines
demographically discrete populations of humpback
whales for management purposes as management
units (or breeding stocks) that ‘are often identified by

[significant] differences in frequencies of [mitochondrial DNA] mtDNA haplotypes or nuclear alleles, regardless of the underlying phylogeny, i.e., evidence
of limited gene flow (Moritz 1994), although they can
also be drawn along non genetic lines, e.g. through
geography or demography’ (Jackson & Pampoulie
2012, p. 2). In the Southern Hemisphere, the species
is managed by the IWC as 7 breeding stocks, termed
A (BSA) through G (BSG), that migrate in the summer to feeding areas in the Southern Ocean (Fig. 1).
An eighth non-migratory Arabian Sea humpback
whale (ASHW) stock occurs in the northern Indian
Ocean and is considered part of our analysis due to
its complete geographical, biological, and evolutionary isolation from all other Northern Hemisphere
breeding stocks (Pomilla & Amaral et al. 2014). Evidence from a number of regional genetic studies
suggests more complex population structure than
accounted for in the current stock designations,
results that echo similar findings for other highly
migratory cetacean species in both hemispheres (e.g.
Mendez et al. 2011, Costa-Urrutia et al. 2013).
BSA, located off Brazil, shows relatively high diversity and no genetic substructure within the stock
in a data set of 9 microsatellites (Cypriano-Souza
et al. 2010), despite direct connectivity (of 1 individual) recorded between BSA and the distant BSC in
the western Indian Ocean and song similarity
between BSA and BSB in the eastern South Atlantic
(Darling & Sousa-Lima 2005, Stevick et al. 2011). In
contrast, BSB shows evidence of complex population

Fig. 1. Sampling locations. Sampling size for each location is in parentheses. Breeding stock and subpopulation abbreviations
defined in Table 1. Breeding stocks are denoted as BS in the main text (e.g. BSB1)
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substructure. Two substocks, BSB1, which breeds off
Gabon, and BSB2, which seasonally feeds off and
migrates past western South Africa (and which
shows lower than expected direct connectivity with,
and some genetic differentiation from, BSB1 based
on the mtDNA control region and 10 microsatellites),
are recognized (Rosenbaum et al. 2009, 2014, Carvalho et al. 2014, Kershaw et al. 2017). Fine-scale
temporal genetic substructure has been observed
within BSB, consistent with the temporal segregation
of migrating whales on the basis of age, sex, and
reproductive status (Carvalho et al. 2014). Such variation may influence the interpretation of the number
of demographically distinct populations due to temporal sampling effects (Carvalho et al. 2014).
BSC is currently divided by the IWC into 4 substocks (BSC1−BSC4), although evidence of considerable migrant exchange between 3 of the substocks
has emerged based on mtDNA control region and
microsatellite data as well as satellite telemetry
(Rosenbaum et al. 2009, Ersts et al. 2011, Fossette
et al. 2014, Kershaw et al. 2017), suggesting relatively fluid exchange between the Mascarene region
(BSC4), the Madagascar ridge (BSC3), and the Mozambique channel (BSC2). Gene flow between BSB
and BSC is also apparent (Best et al. 1998, Pomilla &
Rosenbaum 2005, Rosenbaum et al. 2009, Kershaw et
al. 2017), and further sampling is needed to explore
the possibility of a westward directional bias (i.e.
from BSC to BSB).
Discovery tag recoveries imply that humpback
whales from western Australia (BSD) are likely to
mix with individuals from eastern Australia (BSE1)
on Antarctic feeding grounds (Chittleborough 1965,
Dawbin 1966). Levels of genetic connectivity are
little known, however, and a better understanding
of relationships between these breeding stocks is
needed; nonetheless, some low but significant levels
of genetic differentiation have been shown based on
mtDNA control region sequences and 10 microsatellite loci (Schmitt et al. 2014).
Populations in the western Pacific Islands of
Oceania, comprising substocks in New Caledonia
(BSE2), Tonga (BSE3), the Cook Islands (BSF[CI]),
and French Polynesia (BSF[FP]), show limited demographic exchange and a high degree of fidelity
to breeding areas based on mtDNA control region
sequences (Olavarría et al. 2007) and extensive
photo-identification data (Garrigue et al. 2002,
2011, Franklin et al. 2014), supporting the designation of distinct population units in this region. However, fully resolving the boundaries of these stocks
and subpopulations will require the integration of
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acoustic, genetic, photo-identification, and satellite
telemetry data (Garland et al. 2015).
BSG, located off northwestern South America, is
thought to be relatively isolated but represents some
mitochondrial haplotypes that are characteristic of
North Pacific humpback whale populations, suggesting historic or ongoing trans-equatorial gene flow
(Baker & Medrano-Gonzalez 2002). Finally, the ASHW
population is considered to be small and extremely
isolated and shows the greatest genetic differentiation from all the other Southern Hemisphere breeding stocks based on mtDNA control region sequences
and microsatellite data (Rosenbaum et al. 2009,
Pomilla & Amaral et al. 2014).
Despite the information contributed by regional
and local analyses in specific ocean basins, a comprehensive understanding of humpback whale population structure can only be obtained by considering all
breeding stocks concurrently in the same hemisphere-wide analysis. Here, we combine new data
not previously subject to peer review with published
regional data sets, comprising more than 3000 individuals sampled across 14 locations, and undertake
the first assessment of humpback whale mtDNA population structure across the entire species’ range in
the Southern Hemisphere and Arabian Sea. We
explore genetic structure at the population (breeding
stock) and subpopulation (substock) scale, with and
without the a priori designation of sampling location,
and interpret the results in the context of existing
information from studies conducted at the regional
and local scales. These analyses provide new insights
into potential circumpolar drivers of humpback
whale population structure that serve to assist the
interpretation of previous findings.
Prior to their protection by the IWC in 1963, some
215 000 humpback whales were hunted in the Southern Hemisphere as a result of open-boat (i.e. 18th and
19th centuries) and more recent 20th century modern
whaling, including heavy illegal Soviet whaling
(Rocha et al. 2014). The species is afforded the
strictest trade regulations under Appendix I of the
Convention on International Trade in Endangered
Species of Wild Flora and Fauna and while globally
the species is listed as Least Concern on the Red List
managed by the International Union for Conservation of Nature, populations in Oceania and the Arabian Sea are each considered to be Endangered.
Recent assessment by the Red List authority in South
Africa also considers the B2 stock to be Vulnerable.
While a number of populations have shown signs of
recovery (Gales et al. 2011), existing uncertainties
regarding the delineation of humpback whale popu-
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lations preclude a robust recovery assessment for all
regions. A secondary aim of this study is to inform
current assessments and the appropriate management of this species.

MATERIALS AND METHODS
Sample collection and DNA sequencing
We assembled a database of previously published
mtDNA control region sequences collected from biopsy samples or sloughed skin from 3009 individuals
across 14 sampling sites representing all the known
breeding stocks in the Southern Hemisphere and
Arabian Sea (Fig. 1; no genetic samples were available from BSC4 at the time for inclusion, and so this
substock is not included in this analysis). All research
undertaken followed local regulations and guidelines.
Sample collection, preservation methods, total genomic DNA extraction, amplification, and sequencing of the mtDNA control region are described elsewhere (Olavarría et al. 2007, Rosenbaum et al. 2009,
Anderson 2013), and sample information is detailed
in Table 1. Rigorous error-checking procedures were
carried out by each respective research group,
enabling the integration of these data sets for the
subsequent analysis (Morin et al. 2010). All 3009
sequences were aligned in Geneious Pro 4.6.5 (Biomatters) using MUSCLE 3.6 (Edgar 2004) with a
maximum of 10 iterations. The consensus sequences
for the contributing data sets (Olavarría et al. 2007:
470 bp; Rosenbaum et al. 2009: 486 bp; Anderson
2013: 470 bp) do not fully overlap on the mtDNA
genome of Megaptera novaeangliae, and so the final
consensus sequence panel for the combined sample
was trimmed to 311 bp (bp position 15 552−15 863 in
the mtDNA genome [ACCN: AP006467.1]).

Genetic diversity and differentiation
We computed haplotype and nucleotide genetic
diversity for each breeding stock (Nei 1987) by
grouping samples based on their sampling location
using DnaSP v.5 (Librado & Rosaz 2009). Genetic
diversity indices (number of haplotypes, haplotype
diversity, nucleotide diversity with Jukes-Cantor correction, and average number of average pairwise
nucleotide differences among sequences) were calculated in DnaSP. To account for the effect of different sample sizes on the number of haplotypes identi-

fied, rarefaction curves were constructed using the
function rarefaction (Jacobs 2011), which makes use
of the function rarefy in the vegan package (Oksanen
et al. 2016) in R v.3.2.2 (R Core Team 2016). Rarefy
calculates the expected number of species in a subsample of the specified size, as defined in (Oksanen
2016).
We investigated population structure at 2 different
spatial scales. The data were first partitioned according to breeding stock (A, B, C, D, E1, E [comprising
E2 and E3], F, G, ASHW) and then into subpopulations within breeding stocks (A, B1, B2, C1, C2, C3,
D, E1, E2, E3, F [CI], F [FP], G, and ASHW; Fig. 1).
The spatial hierarchical structure of the data
among breeding stocks and subpopulations was
evaluated through an analysis of molecular variance
(AMOVA) (Excoffier et al. 1992) in Arlequin v.3.5.1.2
(Excoffier et al. 2005). Pairwise genetic differentiation between stocks and substocks was calculated
using fixation indices based on haplotype frequencies (FST; Weir & Cockerham 1984) and genetic divergence (ΦST; Excoffier et al. 1992). Statistical significance was evaluated using the null distribution
generated from 10 000 non-parametric random permutations of the data at the 0.05 significance level.
No correction for simultaneous tests was applied.
We tested for genetic isolation by geographical distance (isolation by distance, IBD; Wright 1943) by
exploring correlations between FST (and the Slatkin
linear FST) statistics and the shortest geographical
distance between the approximate centroids of all
breeding stocks (Y1 matrix). We used Mantel tests
with 10 000 permutations to evaluate significance of
such spatial−genetic distance correlations, as implemented in Arlequin (Excoffier et al. 2005).
Sequences were collapsed to haplotypes, and the
alignment was converted to Roehl data format (.RDF)
using DnaSP v.5 (Librado & Rosaz 2009). Medianjoining haplotype networks, both with and without
maximum parsimony post-processing, were calculated using NETWORK v.4.6.0.0 (Bandelt et al.
1999, www.fluxus-engineering.com) with ε = 0 (i.e.
zero expected homoplasy showing all possible connections) and all variable sites weighted equally.
Median-joining networks have been recommended
over maximum parsimony approaches in intraspecific studies, as they capture a greater degree of ambiguity, thus enabling more realistic interpretations
(Cassens et al. 2005).
Genetic structuring was further investigated using
both a principal component analysis (PCA) and a
spatial PCA (sPCA) (Jombart et al. 2008). These
analyses are not dependent on an underlying popu-

585
466
119
740
151
78
511

1993−2004
1998−2002
1993−2004
1991, 1996−2003
1991, 1999−2003
1997−2003
1996−2001
2001−2002
1990,1993, 1994, 2002 174
1996−2004

(B) Southeastern Atlantic Ocean
B1 Gabon, Cabinda
B2 West South Africa

(C) Southwestern Indian Ocean
C1 Mozambique, East South Africa
C2 Mayotte and Geyser, Comoros
C3 Madagascar

(ASHW) Northern Indian Ocean
Arabian Sea

(D) Southeastern Indian Ocean
Western Australia

(E1) Southwestern Pacific Ocean
Eastern Australia

Not peer reviewed

148

(G) Southeastern Pacific Ocean
Colombia
1991−1999

230
131
99

(F) Western Pacific Islands of Oceania 1997−2002
F(CI) Cook Islands
1998−2002
F(FP) French Polynesia
1997−2002

a

605
251
354

(E) Western Pacific Islands of Oceania 1991, 1994−2002
E2 New Caledonia
1995−2002
E3 Tonga
1991, 1994−2002

325

38

164

1997−2001

(A) Southwestern Atlantic Ocean
Abrolhos, Brazil

n

Collection years

Breeding stock/subpopulation

25

31
23
21

68
56
46

50

46

8

89
57
36
81

94
85
53

55

H

11.818 (1.667)

13.890 (1.787)
13.890 (1.787)
12.913 (1.552)

18.264 (1.846)
18.452 (1.808)
17.123 (1.832)

16.710 (1.827)

17.554 (1.826)

6.256 (1.009)

19.339 (1.831)
18.676 (1.865)
18.360 (1.689)
19.313 (1.809)

19.199 (1.870)
18.959 (1.871)
19.276 (1.781)

18.504 (1.827)

Hr25

0.894 (0.015)

0.930 (0.007)
0.923 (0.010)
0.913 (0.011)

0.969 (0.002)
0.971 (0.003)
0.962 (0.003)

0.960 (0.003)

0.964 (0.005)

0.691 (0.052)

0.975 (0.002)
0.968 (0.006)
0.971 (0.007)
0.976 (0.002)

0.973 (0.002)
0.972 (0.002)
0.973 (0.006)

0.970 (0.004)

h

θ

Source

0.023 (0.012) 0.004 (0.003−0.005) Olavarría et al. (2007)

0.027 (0.014) 0.003 (0.003−0.004)
0.027 (0.014)
Olavarría et al. (2007)
0.026 (0.014)
Olavarría et al. (2007)

0.028 (0.014) 0.004 (0.003−0.005)
0.028 (0.014)
Olavarría et al. (2007)
0.027 (0.014)
Olavarría et al. (2007)

0.027 (0.014) 0.026 (0.020−0.032) Anderson (2013)a

0.027 (0.014) 0.007 (0.005−0.009) Olavarría et al. (2007)

0.024 (0.013) 0.001 (0.001−0.002) Rosenbaum et al. (2009)

0.028 (0.014) 0.037 (0.030−0.047)
0.027 (0.014)
Rosenbaum et al. (2009)
0.029 (0.015)
Rosenbaum et al. (2009)
0.028 (0.015)
Rosenbaum et al. (2009)

0.028 (0.041) 0.016 (0.012−0.020)
0.028 (0.014)
Rosenbaum et al. (2009)
0.027 (0.014)
Rosenbaum et al. (2009)

0.028 (0.015) 0.009 (0.006−0.013) Rosenbaum et al. (2009)

π

Table 1. Sample information and genetic diversity indices for the breeding stock and subpopulation analyses. H: number of haplotypes; Hr25: number of haplotypes after rarefaction to a sample size of 25; h: haplotype diversity; π: nucleotide diversity (i.e. average number of nucleotide differences per site between randomly chosen sequences);
θ: sample-specific theta (genetic diversity accounting for population size and gene flow) estimated by the program MIGRATE. Standard error for Hr25, standard deviation for
h and π, and 95% confidence intervals for θ are shown in parentheses. Because the consensus sequence of the combined data set is of a shorter length (311 bp) than each of
the contributing data sets (470−474 bp), genetic diversity measures were lower than those reported in Olavarría et al. (2007), Rosenbaum et al. (2009), and Anderson (2013).
ASHW: Arabian Sea humpback whale
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lation genetic model and therefore offer a complementary approach to fixation indices. The 2 methods
were implemented in the ade4 v.1.7-3 (Dray & Dufour 2007) and the adegenet v.2.0.0 (Jombart 2008)
packages in R (R Core Team 2016), respectively. PCA
is a general method for representing highly dimensional data in a smaller number of dimensions,
thereby unveiling the main factors explaining the
structure of genetic variation in large samples. sPCA
explicitly incorporates spatial information in the
investigation of genetic variability (Jombart et al.
2008). We carried out the sPCA by constructing a
connection network using a matrix of the inverse
Euclidian distance between substock sampling locations. This network was used for the calculation of
Moran’s I. sPCA optimizes the product of the variance of individual scores, based on the allelic frequencies of substocks, and of Moran’s I to summarize
genetic variability in a spatial context. Tests for
global and local spatial structure were also implemented with 9999 permutations (Jombart et al. 2008).

Migration rates between breeding stocks
To estimate the degree and directionality of matrilineal gene flow between contiguous breeding
stocks, we used the maximum likelihood procedures
implemented in MIGRATE software (Beerli & Felsenstein 2001). MIGRATE provides estimates of M (m/µ)
and θ (2Neµ), where M is the mutation-scaled immigration rate, θ is the mutation-scaled population size,
m is the immigration rate, µ is the mutation rate, and
Ne is the effective population size. The product θ M
results in the number of immigrants per generation
2Nem. We adopted a maximum likelihood analysis
strategy and migration matrix model allowing for
asymmetric migration rates and variable θ between
breeding stocks and variable subpopulation sizes
(without subsampling). We selected an inheritance
scaler selected for θ of 1.00. Our data were first tested
with default starting values for the population size
and M parameters in 20 independent replicates of
the Markov chain scheme: each replicate employed a
static heating scheme and comprised 15 short chains
(dememorization: 10 000 genealogies; recorded genealogies: 100; sampling increment: 100) and 3 long
chains (dememorization: 10 000 genealogies; recorded genealogies: 1000; sampling increment: 100).
We monitored acceptance rates of genealogies (and
other parameter updates), effective sample sizes,
and autocorrelations between parameters throughout the run. Using as initial parameters the consis-

tent resulting values from these 20 initial runs, and
employing the same Markov chain scheme, we
launched 100 new runs to estimate the degree and
directionality of gene flow between our stocks of
interest at the breeding stock level. Convergence of
Markov chain Monte Carlo algorithms was assessed
using the program Tracer (Rambaut & Drummond
2007), which plots the log probability of data given
parameters across the run.

RESULTS
Genetic diversity and population structure
A total of 184 haplotypes were identified among
the 3009 samples from the 14 sampling locations
based on 74 polymorphic sites. Because the consensus sequence of the combined data set was of a
shorter length (311 bp) than each of the contributing
data sets (470−474 bp), genetic diversity measures
were lower than those reported for region-specific
analyses in Olavarría et al. (2007), Rosenbaum et al.
(2009), and Anderson (2013). We found genetic diversity to vary broadly across breeding stocks at the
regional level (Table 1). The ASHW population
showed the lowest overall diversity (n = 38; number
of haplotypes, H = 8; number of haplotypes after rarefaction, Hr25 = 6.256 [SE = 1.009]; haplotype diversity,
h = 0.691 [SD = 0.052]; nucleotide diversity, π = 0.024
[SD 0.013]), and BSG showed low diversity relative to
its sample size (n = 148, H = 25, Hr25 = 11.818 [SE =
1.667], h = 0.894 [SD = 0.015], π = 0.023 [SD = 0.012]).
BSB showed high diversity and relatively low variance for haplotypic diversity despite not being the
largest sample (n = 585, H = 94, h = 0.983 [SD =
0.001], π = 0.021 [SD = 0.011]); however, following
standardization, the number of haplotypes (Hr25 =
19.199 [SE = 1.870]) was comparable to BSA (Hr25 =
18.504 [SE = 1.827]), BSC (Hr25 = 19.339 [SE = 1.831]),
and BSE (Hr25 = 18.264 [SE = 1.846]). At a subpopulation level, BSB2 and BSC1 both exhibited high numbers of haplotypes despite their relatively small sample sizes, including after standardization, although
variances for haplotypic diversity were moderate
(BSB2: n = 119, H = 53, Hr25 = 19.726 [SE = 1.781], h =
0.973 [SD = 0.006], π = 0.028 [SD = 0.014]; BSC1: n =
151, H = 57, Hr25 = 18.676 [SE = 1.865], h = 0.968 [SD
= 0.007], π = 0.029 [SD = 0.015]; Table 1).
At the breeding stock scale, AMOVAs were statistically significant (FST = 0.029, ΦST = 0.166, p < 0.001
for both indices), and most fixation indices from pairwise breeding stock comparisons were statistically
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0.001−0.191, p < 0.05), whereas significance dropped markedly for various pairwise comparisons when
nucleotide information was incorporated (ΦST = 0.003−0.016), particularly from BSB2 and BSC (Table 3).
No evidence of IBD between breedF
G
ing stocks was found [FST = p(rY 1
0.044 0.044
0.017
rand > rY 1 obs = 0.39, Slatkin FST =
0.040 0.040
0.017
p(rY 1 rand > rY 1 obs = 0.37), where
0.039 0.039
rand = random value, and obs =
0.023
observed value].
0.157 0.157
0.141
Median-joining networks showed
0.038 0.038
0.017
comparable
results irrespective of
0.041 0.041
0.010
whether or not maximum parsimony
0.014
0.042 0.042
(MP) post-processing was included.
0.045 0.045
As expected, the median-joining
0.069
network without MP post-processing
captured a larger number of inferred
nodes and reticulations. However, as
the fundamental relationships between haplotypes
were not affected, only the more parsimonious network with MP post-processing is shown (Fig. 2). No
geographic clustering of haplotypes was evident
across the network, with all breeding stocks and subpopulations broadly distributed across the 184 haplotypes, including for the highly isolated ASHW population (Fig. 2).

Table 2. Fixation indices among breeding stocks (regional analysis). FST values are
below diagonal; ΦST, above diagonal. All FST indices are significant, as evaluated
through 10 000 random permutations of the data matrices (p < 0.05). ΦST values in bold
indicate non-significance. Cells are shaded in increasingly darker gray in proportion
to increasing values to aid visualization. Breeding stock and subpopulation abbreviations defined in Table 1
A
A

B

C

ASHW

D

E

E1

0.004
0.0040.004
0.0040.004
0.011 0.011
0.017
0.004 0.004
0.0040.102
0.102

B

0.008
0.008

0.003
0.0050.005
0.0110.011
0.016 0.016
0.017
0.0030.096
0.096

C

0.013
0.013 0.005
0.005

0.078
0.0030.003
0.0110.011
0.017 0.017
0.023
0.078

ASHW 0.146
0.146 0.126
0.126 0.112
0.112
D

0.0940.094
0.1120.112
0.127 0.127
0.141

0.017
0.017 0.013
0.013 0.011
0.0110.138
0.138

0.0090.009
0.017 0.017
0.017

E

0.020
0.0130.013
0.020 0.018
0.018 0.018
0.0180.140
0.140

E1

0.031 0.029
0.029 0.029
0.0290.153
0.153
0.031
0.0300.030
0.0250.025

0.005 0.005
0.010

F

0.046 0.033
0.033 0.032
0.0320.170
0.170
0.046
0.0270.027
0.0230.023
0.049 0.049

G

0.061 0.056
0.056 0.056
0.0560.191
0.191
0.061
0.0580.058
0.0540.054
0.063 0.063
0.069

0.014

significant (p < 0.05; Table 2). All haplotype-based
indices (FST = 0.005−0.191) and most nucleotidebased indices (ΦST = 0.003−0.016) were found to be
statistically significant (p < 0.05), except for the comparisons between stocks BSA-BSB-BSC-BSD and
BSC-BSD that resulted in non-significance (Table 2).
All subpopulation comparisons based on haplotype
information alone were statistically significant (FST =

Table 3. Fixation indices among breeding stocks (subpopulation analysis). FST values are below diagonal; ΦST, above diagonal.
All FST values are significant, as evaluated through 10 000 random permutations of the data matrices (p < 0.05). ΦST values in
bold indicate non-significance. Cells are shaded in increasingly darker gray in proportion to increasing values to aid visualization. Breeding stock and subpopulation abbreviations defined in Table 1
A
A
B1
B2
C1
C2

0.009
0.009
0.011
0.011
0.018
0.018
0.015
0.015

B1

B2

C1

0.004
0.004

0.005
0.005
0.000
0.000

0.004
0.004
0.004
0.004

0.003
0.003
0.006
0.006
0.007
0.007
0.007

0.002
0.002
0.008
0.008
0.006
0.006

C2

C3

0.007
0.007 0.003
0.003
0.001
0.003
0.001 0.003
0.006
0.006 0.003
0.003
0.002
0.002 0.000
0.000
0.000
0.000

ASHW

D

E1

E2

E3

F (FP)

F (CI)

G

0.102
0.102
0.095
0.095

0.004
0.004
0.005
0.005

0.011
0.011
0.017
0.017

0.002
0.002
0.009
0.009

0.008
0.008
0.015
0.015

0.034
0.034
0.025
0.025

0.013
0.013
0.019
0.019

0.044
0.044
0.041
0.041

0.107
0.107
0.091
0.091

0.004
0.004
0.003
0.003

0.012
0.012
0.014
0.014

0.011
0.011
0.007
0.007

0.013
0.013
0.014
0.014

0.025
0.025
0.036
0.036

0.021
0.021
0.021
0.021

0.035
0.035
0.038
0.038

0.092
0.092
0.074
0.074

0.007
0.007
0.003
0.003

0.017
0.017
0.019

0.011
0.011
0.008

0.017
0.017
0.015
0.015

0.032
0.032
0.037
0.037

0.025
0.025
0.020
0.020

0.037
0.037
0.041
0.041

0.094
0.094

0.127
0.017

0.103
0.007

0.123
0.123

0.167
0.167

0.133
0.133

0.157
0.157

0.013
0.013

0.032
0.032

0.014
0.014

0.038
0.038

0.009

0.004
0.004

0.027
0.027

0.013
0.013

0.042
0.042

0.006
0.006

0.028
0.028

0.013
0.013

0.041
0.041

0.027
0.027

0.005
0.005

0.045
0.045

0.020
0.020

0.045
0.045

0.006
0.006

0.005
0.005
0.004
0.004

0.129

0.124
0.124

0.127
0.127

0.118
0.118 0.112
0.112

0.013

0.016
0.016

0.013
0.013

0.012
0.012 0.011
0.011

0.138
0.138

D

0.012
0.146
0.017

E1

0.031

0.029

0.030
0.030

0.031
0.031

0.031
0.031 0.029
0.029

0.153
0.153

0.030
0.030

E2

0.017

0.018

0.021
0.021

0.021
0.021

0.020
0.020 0.019
0.019

0.143
0.143

0.013
0.013

0.023

E3

0.026

0.022

0.025
0.025

0.022
0.022

0.023
0.023 0.023
0.023

0.145
0.145

0.016
0.016

0.030

0.009

F (FP)

0.054

0.041

0.045
0.045

0.036
0.036

0.048
0.048 0.042
0.042

0.187
0.187

0.039
0.039

0.060

0.046

0.031
0.031

F (CI)

0.049

0.035

0.041
0.041

0.030
0.030

0.042
0.042 0.038
0.038

0.175
0.175

0.027
0.027

0.049

0.032

0.023
0.023

0.025
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G

0.061

0.057

0.059
0.059

0.059
0.059

0.062
0.062 0.057
0.057

0.191
0.191

0.058
0.058

0.063

0.055

0.058
0.058

0.079
0.079

C3
ASHW

0.001
0.001

0.054
0.054
0.073
0.073
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B1
B2
C1
C2
C3
ASHW
D
E1
E2
E3
F (FP)
F (CI)
G

Fig. 2. Haplotype network of mitochondrial control region sequences (population size, N = 3009, number of haplotypes = 186)
created using a median-joining algorithm with maximum parsimony post-processing with ε = 0, where ε is a weighting parameter for genetic distance, and variable sites weighted equally. Nodes are shaded according to sampling location. Size of node
corresponds to the frequency of that haplotype among sampled individuals. Internal white nodes represent reconstructed median haplotypes. Gray notches represent nucleotide differences between haplotypes. Haplotype frequencies are available on
the Dryad Data Repository (doi:10.5061/dryad.8cs4f). Breeding stock and subpopulation abbreviations defined in Table 1

The first 2 principal components of the PCA explained 73.39% of the variance in allele frequencies
among putative populations (Fig. 3). While there are
some unexpected results (the lack of relative separation of ASHW, for example; Fig. 3), the PCA resolves some broad patterns reflected by the fixation
indices. The first principal component shows a clear
separation of the BSE subpopulations (Fig. 3). In
addition, BSB1 and BSC3 are highly distinct, possibly due to a higher level of variance for these sub-

populations as a result of relatively larger sample
sizes (Table 1). The second principal component further shows broad separation of subpopulations by
latitude, with the samples from Oceania and off
Colombia more closely situated with the subpopulations of the South Atlantic and western and northern
Indian Ocean. The subpopulations off eastern Australia (BSE1), New Caledonia, and Tonga (BSE3)
again show clear separation from the other subpopulations (Fig. 3).
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E1
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F
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C2
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C3

–10

0

PC1
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Fig. 3. Subpopulation principal components on the first 2 axes. Each subpopulation is color coded and corresponds to the haplotype network key (Fig. 2).
PC1: principal component 1; PC2: principal component 2. Breeding stock and
subpopulation abbreviations defined in Table 1
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The sPCA investigated the sequence variability using allelic frequencies in a spatial context, which
further resolved some of the inconsistencies described for the PCA (Fig. 3).
The first positive axis had the highest
eigenvalue and was therefore retained. Both global and local tests for
structure were not found to be statistically significant (simulated p-value:
global = 0.958, local = 0.217). The first
global structure that was retained in
the sPCA shows low variance between the South Atlantic and western
and northern Indian Ocean subpopulations, as supported by the non-significance observed for ΦST (Table 3).
BSC3, however, shows relatively
strong differentiation (Fig. 4); this pattern might also be expected for BSB1
based on the results of the PCA
(Fig. 3), but this was not reflected to
the same degree in the sPCA (Fig. 4).
The ASHW population appears to be
grouped more closely with BSC to the
west than BSD to the east, a pattern
not detectable from the fixation indices alone (Table 2, Fig. 4). A second
grouping occurs for BSD and the sub-

Fig. 4. Scores from the spatial principal component analysis (sPCA). sPCA optimized the product of the breeding area genetic
variances and of Moran’s I for the first positive eigenvalue (i.e. global structure) retained. The neighboring network was based
on a matrix of the inverse Euclidean distance between sampling locations. Each stock and subpopulation is mapped by color
coding its sPCA lagged score as intensity of the given color channel (first axis: red). Breeding stock and subpopulation abbreviations defined in Table 1
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Fig. 5. Female-mediated gene flow as inferred from mitochondrial DNA. Directionality and magnitude of gene flow between contiguous populations showing
overall (net) gene flow estimates (top
bars) and westbound (bottom bars) and
eastbound (middle bars) gene flow rates.
The ratio between the westbound and
eastbound migration rates is shown in
parentheses. Error bars reflect 95% confidence intervals. Number of immigrants
per generation (Nem) is obtained as
Mi θi , where i is the individual breeding
stock. Breeding stock and subpopulation
abbreviations defined in Table 1

populations of BSE and Oceania; however, there appears to be some localized variance between the subpopulations of BSE and BSF, reflecting the relatively
high observed FST values (Table 3, Fig. 4). BSG is
highly distinctive and shows clear separation from
breeding stocks to both the west and the east (Fig. 4).

BSE1, and BSF exhibited intermediate degrees of
gene flow (Fig. 5). BSE showed migration both to and
from BSE1 to the west and BSF to the east (Fig. 5).
Gene flow estimates between BSA and BSG were
very low, with a very slight westward bias (Fig. 5).

DISCUSSION
Migration rates between breeding stocks
Matrilineal gene flow between contiguous breeding stocks was estimated to be asymmetric in all pairwise comparisons. Asymmetries ranged from a 1.03fold difference in eastward compared to westward
migration in BSF-BSG to a 62-fold difference in BSCASHW (Fig. 5). BSA showed notable asymmetry,
with very little gene flow into BSB and much greater
gene flow from BSB to BSA. The largest directional
gene flow magnitudes were from BSC to ASHW, followed by BSC to BSD and BSB to BSA. The ASHW
population is the only stock in this study where no
historical emigration is estimated to any stock, and
only immigration from other stocks is exhibited. BSD,

Our analysis of the genetic structure of the humpback whale across its circumpolar range in the
Southern Hemisphere, based on a 311 bp fragment of
the mitochondrial control region, revealed low but
significant patterns of population genetic structure.
Population and subpopulation comparisons confirm
previous observations of complex patterns of genetic
differentiation and gene flow, supporting assertions
regarding the hierarchical nature of humpback
whale population genetic structure (Rosenbaum et
al. 2009, Baker et al. 2013, Kershaw et al. 2017). In
addition, the global context of the study provided an
opportunity to consider potential drivers of circumpolar genetic structure, thus providing the large-
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scale geographic context required for the interpretation of existing regional and local analyses.
All pairwise comparisons between breeding stocks
(i.e. BSA−BSG) based on haplotype frequencies (FST)
and the majority of pairwise nucleotide differences
(ΦST) were statistically significant (p < 0.05) (Table 2;
haplotype frequencies are available on the Dryad
Data Repository, doi:10.5061/dryad.8cs4f), indicating
that population structure at this scale is driven by
maternally directed site fidelity to breeding areas
(Mackintosh 1942, Baker & Medrano-Gonzalez 2002,
Baker et al. 2013). The dominant influence of maternally directed site fidelity at the regional scale has
also been confirmed by comparative assessments of
biparentally inherited nuclear markers (Ruegg et
al. 2013, Schmitt et al. 2014, Kershaw et al. 2017).
Although significant genetic differentiation was
observed at the regional scale, patterns of estimated
gene flow between breeding stocks were found to be
relatively high and asymmetric in all cases (Fig. 5).
Moreover, no clear phylogeographic patterns were
found among the haplotypes analyzed, with all 184
haplotypes broadly distributed across the network,
even for those breeding stocks known to have experienced significant levels of isolation (i.e. ASHW and
BSG; Fig. 2). At local spatial scales within breeding
stocks, more complex patterns of population structure have been observed using nuclear markers (Kershaw et al. 2017). A future comparative study employing microsatellite markers would therefore be
useful to further elucidate circumpolar-scale population structure. The relatively high levels of historic
gene flow for some breeding stocks (Fig. 5) and the
absence of phylogeographic signals (Fig. 2) support
the notion of a shared evolutionary trajectory
throughout the Southern Hemisphere. These findings support previous suggestions that the Southern
Hemisphere has an independent evolutionary trajectory from the North Atlantic and North Pacific (Jackson et al. 2014).
The asymmetries in regional fidelity and mtDNA
differentiation observed in this study are consistent
with findings from North Pacific humpback whale
populations (Baker et al. 2013), indicating that this
may represent a general pattern for humpback whale
population structure globally. The number of statistically significant comparisons between breeding
areas is also comparable, although the magnitude of
fixation indices is higher in many instances in the
North Pacific (Table 2; Baker et al. 2013, their
Table 4). The lack of clear evidence of fidelity to
feeding areas in the Southern Hemisphere (Schmitt
et al. 2014, Amaral & Loo et al. 2016) and lower mag-
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nitudes of genetic differentiation in some instances
(Table 2; Baker et al. 2013, their Table 4) may indicate that interchange of individuals between breeding areas may be greater in some parts of the Southern Hemisphere relative to the North Pacific,
possibly facilitated by access to the continuous or
near-continuous circumpolar feeding habitat of the
Southern Ocean.

Connectivity between the South Atlantic and
southern Indian Ocean
While significant genetic differentiation was maintained at the subpopulation level for haplotype frequencies, significance dropped markedly for nucleotide-based indices, particularly between BSA, BSB1
and BSB2, substocks BSC1 to BSC3, and BSD
(Table 3). Statistical differences in haplotype frequencies but no statistical support for molecular distances suggest genetic divergence at the level of a
demographic aggregation of breeding individuals
with small evolutionary divergence (i.e. resulting in
haplotypes that differ by only 1 or 2 mutations). The
relatively high rates of migrant exchange observed
between breeding stocks in the South Atlantic and
southern Indian Ocean (Fig. 5), and the relatively
lower levels of variance between BSA-BSB-BSC-BSD
identified by the sPCA (Fig. 4), support a conclusion
of shallow levels of genetic divergence compared to
other regions (Tables 2 & 3, Figs. 3 & 4). Multiple
lines of corollary evidence support individual movements to broad-scale connectivity between BSABSB-BSC-BSD, including photo-identification (Stevick et al. 2013), genotypic matching (Pomilla &
Rosenbaum 2005), genetic mixed-stock analyses
(Schmitt et al. 2014), population-level comparisons
(Amaral & Loo et al. 2016), and acoustical studies of
song similarity (Darling & Sousa-Lima 2005, Murray
et al. 2012).
Regional-scale contact between, and interchange
of, individuals from different breeding stocks (e.g.
between BSB and BSC) is assumed to take place primarily on shared feeding areas in the Southern
Ocean. Densities of krill, the primary prey of Southern Hemisphere humpback whales, are relatively
lower in the Atlantic (3.9 million tons km−2) and the
southwestern Indian Ocean (2.3 million tons km−2)
sectors of the Southern Ocean compared to other
areas (e.g. the Antarctic Peninsula = 131.0 million
tons km−2; Nicol et al. 2000). The lower maximum
krill density in the Atlantic and southwestern Indian
Ocean sectors may provide an explanation for some
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of the individual long-range movements and broadscale connectivity observed across BSA to BSD, as
individuals could be forced to undertake longdistance longitudinal movements to maximize feeding opportunities. Such movement may increase the
likelihood of mixing with other stocks and/or switching between breeding grounds.
At the local scale (i.e. within stocks), a more
nuanced interplay of processes appears to be influencing genetic subpopulation structure. Genetic evidence supports the existence of 2 demographically
discrete substocks (i.e. BSB1 and BSB2) off West
Africa; however, an alternative hypothesis proposes
that each substock represents 2 temporal ends of a
single population widely distributed in space and
time (Carvalho et al. 2014, Rosenbaum et al. 2014).
Recent analyses of 9 nuclear microsatellite loci indicate that connectivity between BSB2 and BSC1 may
also be greater than previously supposed (Kershaw
et al. 2017). Animals from BSB2 have been observed
to leave the feeding area of Bouvet Island, directly
south of the African continent, and disperse widely
eastward and westward in the Southern Ocean into
feeding areas generally associated with BSC (0° to
70° E; Seakamela et al. 2015). Divergence between
the substocks of BSC is also relatively shallow, calling into question their current delineation (Ersts et al.
2011). For instance, there is increasing evidence that
BSC2 is likely to represent a mixed stock of animals
from BSC1 and BSC3 (Best et al. 1998, Kershaw et al.
2017). In addition, long-distance movements between northeastern Madagascar (BSC3) and the
coasts of Kenya and Somalia in northern BSC1
appear more frequent than supposed (Fossette et al.
2014, Cerchio et al. 2016).
Significant structure between western Australia
(BSD) and eastern Australia (E1; FST = 0.030, ΦST =
0.017, p ≤ 0.05; Table 2, Figs. 3 & 4), at levels a magnitude greater than those observed between the substocks of BSB and BSC (Olavarría et al. 2007, Rosenbaum et al. 2009), confirms the results of previous
genetic analyses (Anderson 2013, Schmitt et al. 2014)
and resighting data (Dawbin 1966). Gene flow
between BSD and BSE1 has been considered to be
moderate and bidirectional at the regional level
(Anderson 2013); however, at the circumpolar scale,
we estimate female-mediated gene flow to be low
relative to most other pairwise stock comparisons
(Fig. 5). Sporadic bidirectional interchange has been
observed between these 2 stocks (Chittleborough
1965, Noad et al. 2000), potentially due to annual
changes in prey distribution that result in the mixing
of stocks on feeding grounds (Anderson 2013). How-

ever, our results indicate that the westward bias predominates, at least in terms of long-term maternally
directed gene flow (Fig. 5).
Eastern Australia (BSE1) and the breeding substocks of Oceania (i.e. New Caledonia, BSE2; Tonga,
BSE3; Cook Islands, BSF[CI]; and French Polynesia,
BSF[FP]) are significantly differentiated from one
another at a magnitude greater than the substocks of
BSB and BSC for FST in most comparisons, despite
being more geographically proximal in some instances (Tables 2 & 3, Fig. 4). These results are consistent with the relatively high site fidelity to each
island and significant population genetic structuring
found in previous studies (Dawbin 1966, Garrigue et
al. 2006, Olavarría et al. 2007). The degree of differentiation between BSE2 (New Caledonia) and BSE3
(Tonga; FST = 0.009, ΦST = 0.006, p ≤ 0.05) is lower
than that between BSE1 (eastern Australia) and
BSE2 (FST = 0.023, ΦST = 0.009, p ≤ 0.05) or BSE1 and
BSE3 (FST = 0.030, ΦST = 0.004, p ≤ 0.05; Table 2).
Genetic and acoustic breaks have previously been
identified that separate BSE1 and BSE2 from the rest
of Oceania (Anderson 2013, Garland et al. 2015);
however, photo-identification matches between BSE1
and BSE2 have been reported (Garrigue et al. 2002),
indicating some level of exchange, and significant
longitudinal displacement of whales from American
Samoa, eastern Australia, and Tonga has also been
observed (Robbins et al. 2011, Franklin et al. 2014, in
press).
Gene flow between New Caledonia and Tonga has
been found to be relatively high (Anderson 2013),
suggesting a more recent link between these 2 stocks
that is supported by photo-identification (Garrigue et
al. 2006, Franklin et al. 2014), genotypic matches (Anderson 2013), and acoustical studies of song sharing
(Garland et al. 2014). New Caledonia remains clearly
differentiated from eastern Australia and Tonga in
both the PCA (Fig. 3) and the sPCA (Fig. 4), however.
Population-specific analyses suggest that New Caledonia may be an area of transience, with whales
briefly passing through the study area and subsequently moving in a wide range of directions (Garrigue et al. 2015). A transient area would result in
higher genetic variance relative to BSE1 and BSE3, as
was detected by the PCA and sPCA (Figs. 3 & 4).
The only instance of non-significant pairwise
genetic differentiation across Oceania was observed
between Tonga (BSE3) and the Cook Islands
(BSF[CI]) at the nucleotide level (ΦST = 0.005, p >
0.05; Table 3). Resights in the Cook Islands based on
photo-identification and genotypic matching are relatively low (Constantine et al. 2012), but satellite
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telemetry data have shown 6 individuals moving
directly towards Tonga upon leaving the Cook
Islands (Anderson 2013). While we did observe significant genetic differentiation for French Polynesia
and the Cook Islands (Table 3), previous genetic
studies have suggested that these 2 substocks represent a single panmictic population (Anderson 2013).
The Cook Islands may also be a location where
whales from both BSE and BSF mix, for example as a
migratory corridor for whales wintering in Tonga
(Constantine et al. 2012), or, alternatively, they may
use this location in alternate years (Anderson 2013).
The relatively high levels of gene flow we estimated
between BSE1-BSE2-BSE3 and BSF(CI) and BSF(FP)
support these observations of mixing across Oceania
(Fig. 5). Resolution of feeding areas will assist in the
elucidation of some of the processes driving connectivity across this region.

Genetic isolation of BSG and ASHW and fidelity
to feeding areas
Genetic structure and gene flow estimates indicate
that BSG in the eastern South Pacific and ASHW in
the Arabian Sea are the most isolated (Tables 2 & 3,
Figs. 4 & 5) and least genetically diverse populations
(Table 1). BSG winters primarily off Colombia and
Ecuador, extending northward to the coasts of Panama and Costa Rica. Given the northward extension of
the breeding area, and the presence of private haplotypes found within BSG that may be of northern origin, levels of isolation for BSG observed here might
decrease if Northern Hemisphere populations were
also considered in the analysis (Anderson 2013). In
the austral summer and fall, whales from BSG
migrate south to feeding areas in the Fueguian
Archipelago, west of the Antarctic Peninsula (Zerbini
et al. 2006, Cypriano-Souza et al. 2010), and recently
also to the Corcovado Gulf, in the northern Chilean
Patagonian channels (Acevedo et al. 2013). Photoidentification indicates philopatry and an absence of
movements among the 3 feeding areas (Acevedo et
al. 2013), possibly due to high and stable densities of
krill in the vicinity of the Antarctic Peninsula (Nicol
et al. 2000). If the majority of individual interchange
between stocks and substocks does indeed occur on
feeding areas, the fidelity of BSG feeding may be sufficient to drive its isolation from BSF to the west and
BSA to the east. One individual has been observed to
move from BSG to BSA, indicating that long-distance
movements are possible (Stevick et al. 2013). However, despite their geographic proximity, there is no
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evidence of overlap between the feeding areas of
BSG and those of BSA, located in the Scotia Sea.
Gene flow estimates between the ASHW population and its contiguous breeding stocks are singular.
The lack of evidence of gene flow from the ASHW
population to any of its contiguous stocks (BSC to the
southwest and BSD to the southeast) corresponds to
the Northern Hemisphere timing its breeding season, resulting in it being offset by 6 mo from all other
Southern Hemisphere stocks. In addition, the upwelling system of the Arabian Sea provides yearround foraging habitat, mitigating the need for feeding-related migration (Pomilla & Amaral et al. 2014).
The very high estimates of gene flow into the ASHW
population from BSC (Fig. 5) present an apparent
contradiction with the population structure parameters and can be explained, at least partially, by
the time scale at which these estimations are optimized. The migration rate estimation conducted by
MIGRATE explicitly accounts for the phylogenetic
signal in the data, likely pointing to the historical
connectivity between these currently isolated stocks.
This historic connectivity is also suggested by the
results of the sPCA, which indicate that ASHW is
more closely grouped with the western Indian Ocean
substocks compared to BSD off western Australia
(Fig. 4). Further testing of hypotheses regarding the
origin of ASHW using samples from BSC and BSD is
required (e.g. using approximate Bayesian computation analysis; Fontaine et al. 2014). Highly asymmetric gene flow from populations in East Africa to Arabia has also been observed for humpback dolphins
(Mendez et al. 2011) and has been attributed in part
to the dominant oceanographic current systems of
these coasts, which facilitate northward connectivity
but not southward movement. While recognizing
that drivers of connectivity for a nearshore small
cetacean and an offshore baleen whale may not be
directly comparable, it may be pertinent to explore
whether this represents a general pattern for cetaceans in the Indian Ocean.

CONCLUSIONS AND MANAGEMENT
RECOMMENDATIONS
Collectively, these results indicate that patterns of
population genetic structure and connectivity for
Southern Hemisphere humpback whales across their
circumpolar range cannot be generalized across spatial scales. While maternally driven fidelity to breeding areas is the primary influence on population
genetic structure at regional scales, relatively high
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levels of connectivity in some regions indicate that
long-distance movements by females should be afforded more consideration as a mechanism facilitating gene flow between both adjacent and non-adjacent stocks and substocks. At the circumpolar scale,
levels of estimated gene flow appear to correlate in
some instances with krill density on feeding areas,
suggesting that an interplay of site fidelity to stable
feeding areas for some stocks (e.g. BSG) versus the
need for individuals from other stocks to undertake
extensive longitudinal movements to fulfill their
energetic requirements (e.g. BSB and BSC) may be
one of the factors influencing humpback population
genetic structure at this scale. More studies into prey
density and distribution on feeding areas at multiple
geographic scales, and particularly in understudied
areas such as those south of Oceania, are needed to
further assess this relationship.
Our study demonstrates that, at least based on the
statistically significant differences at the haplotype
and nucleotide level of a 311 bp sequence of the
mtDNA control region, the breeding stocks (BSA−
BSG) recognized by the IWC represent genetically
differentiated population units that should be considered as separate units in humpback whale management and regulatory assessments. Our results
present a strong rationale for the management prioritization of BSG and ASHW in light of their genetic
distinctiveness at the circumpolar context. In addition, the breeding stocks and subpopulations of
Oceania represent the least abundant breeding population in the Southern Hemisphere, with little
detectable recovery from whaling (Constantine et al.
2012), and are in significant need of protection.
We recommend a precautionary approach to the
use of current subpopulation delineations as a basis
for management, however. Some subpopulations may
represent multiple demographic populations (e.g.
BSB2, BSC2, and BSE2), in some cases, for example,
as a mixed-stock migratory corridor, and there are
continuing efforts to appropriately define the boundaries of these populations on both breeding and feeding areas (Rosenbaum et al. 2009, 2014, Carvalho et
al. 2014, Garland et al. 2015). Failure to incorporate
underlying genetic structure into population status
assessments can result in significant biases through
over- or under-representation of discrete population
units in management goals. Moreover, levels of
genetic connectivity between many stocks and subpopulations show complex and asymmetric patterns,
requiring further research.
Some regulatory processes, such as the recent
review conducted by the United States that led to

the species’ down- and delisting under the US Endangered Species Act (ESA; Federal Register 2016),
recognize fewer genetically distinct population segments (DPSs) than the IWC, as the former body operates under a more stringent set of criteria. Specifically, the 14 DPSs defined under the ESA do not
capture breeding substock structure in the Southern
Hemisphere, even though studies indicate that some
substocks are as genetically differentiated from one
another as separate DPSs delineated in the Northern
Hemisphere (Bettridge et al. 2015). It is worth noting
that all of the DPSs in the Southern Hemisphere are
listed as Not at Risk under the US ESA, possibly due
to a lack of resolution at the substock level (Federal
Register 2016). Our results demonstrate that the IWC
stocks and subpopulations should represent the minimum number of discrete populations taken into consideration until further research has been conducted.
Moreover, uncertainties in stock and subpopulation
boundaries, and how these uncertainties affect estimates of recovery, need to be carefully and transparently accounted for in any regulatory review of this
species.
Data archive. GenBank accession numbers for the haplotypes included in this study are as follows: GQ913691−
GQ913852 (Rosenbaum et al. 2009), DQ768307−DQ768421
(Olavarría et al. 2007), and MF174847–MF174851 (Anderson 2013). Haplotype frequencies are available on the Dryad
Data Repository (doi:10.5061/dryad.8cs4f).
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Tāufa’āhau Tupou IV, King of Tonga. Research in the Cook
Islands was permitted by the Government of the Cook
Islands and funded by The Center for Cetacean Research &
Conservation. Research in French Polynesia was permitted
and partially funded by French Polynesia’s Ministry of the
Environment.

LITERATURE CITED
Acevedo J, Haro D, Dalla Rosa L, Aguayo-Lobo A and others
(2013) Evidence of spatial structuring of eastern South
Pacific humpback whale feeding grounds. Endang Species Res 22:33−38
Amaral AR, Loo J, Jaris H, Olavarría C and others (2016)
Circumpolar genetic structure of feeding aggregations of
humpback whales in the Southern Ocean. Mar Biol 163:132
Anderson MJ (2013) Genetic connectivity within eastern
Australian humpback whales and their relationship to
adjacent South Pacific and Indian Ocean stocks. PhD
thesis, Southern Cross University, Lismore, NSW
Anderson CD, Epperson BK, Fortin MJ, Holderegger R and
others (2010) Considering spatial and temporal scale in

565

landscape-genetic studies of gene flow. Mol Ecol 19:
3565−3575
Baker CS, Medrano-González L (2002) Worldwide distribution and diversity of humpback whale mitochondrial
DNA lineages. In: Pfeiffer CJ (ed) Molecular and cell
biology of marine mammals. Krieger Publishing, Melbourne, FL, p 84−99
Baker CS, Steel D, Calambokidis J, Falcone E and others
(2013) Strong maternal fidelity and natal philopatry
shape genetic structure in North Pacific humpback
whales. Mar Ecol Prog Ser 494:291−306
Bandelt HJ, Forster P, Röhl A (1999) Median-joining networks for inferring intraspecific phylogenies. Mol Biol
Evol 16:37–48
Beerli P, Felsenstein J (2001) Maximum likelihood estimation of a migration matrix and effective population sizes
in n subpopulations by using a coalescent approach. Proc
Natl Acad Sci USA 98:4563−4568
Best PB, Findlay KP, Sekiguchi K, Peddemors VM, Rakotonirina B, Rossouw A, Gove D (1998) Winter distribution
and possible migration routes of humpback whales
Megaptera novaeangliae in the southwest Indian Ocean.
Mar Ecol Prog Ser 162:287−299
Bettridge S, Baker CS, Barlow J, Clapham PJ and others
(2015) Status review of the humpback whale (Megaptera
novaeangliae) under the Endangered Species Act. NOAA
Tech Memo NOAA-TM-NMFS-SWFSC-540, p 263
Carvalho I, Loo J, Collins T, Barendse J and others (2014)
Does temporal and spatial segregation explain the complex population structure of humpback whales on the
coast of West Africa? Mar Biol 161:805−819
Cassens I, Mardulyn P, Milinkovich MC (2005) Evaluating
intraspecific ‘network’ construction methods using simulated sequence data: Do existing algorithms outperform
the global maximum parsimony approach? Syst Biol 54:
363−372
Cerchio S, Trudelle L, Zerbini AN, Charrassin JB and others
(2016) Satellite telemetry of humpback whales off Madagascar reveals insights on breeding behavior and longrange movements within the southwest Indian Ocean.
Mar Ecol Prog Ser 562:193−209
Chittleborough RG (1965) Dynamics of two populations of
the humpback whale, Megaptera novaeangliae (Borowski). Aust J Mar Freshw Res 16:33−128
Constantine R, Jackson JA, Steel D, Baker CS and others
(2012) Abundance of humpback whales in Oceania using
photo-identification and microsatellite genotyping. Mar
Ecol Prog Ser 453:249−261
Costa-Urrutia P, Sanvito S, Victoria-Cota N, Enríquez-Paredes L, Gendron D (2013) Fine-scale population structure
of blue whale wintering aggregations in the Gulf of California. PLOS ONE 8:e58315
Cypriano-Souza AL, Fernandez GP, Lima-Rosa CAV, Engel
MH, Bonatto SL (2010) Microsatellite genetic characterization of the humpback whale (Megaptera novaeangliae) breeding ground off Brazil (breeding stock A).
J Hered 101:189−200
Darling JD, Sousa-Lima RS (2005) Songs indicate interaction
between humpback whale (Megaptera novaeangliae)
populations in the western and eastern South Atlantic
Ocean. Mar Mamm Sci 21:557−566
Dawbin WH (1966) The seasonal migratory cycle of humpback whales. In: Norris KS (ed) Whales, dolphins and
porpoises. University of California Press, Berkeley, CA,
p 145−170

566

Endang Species Res 32: 551–567, 2017

Dray S, Dufour AB (2007) The ade4 package: implementing
the duality diagram for ecologists. J Stat Softw 22:1−20
Edgar RC (2004) MUSCLE: multiple sequence alignment
with high accuracy and high throughput. Nucleic Acids
Res 32:1792−1797
Ersts PJ, Pomilla C, Kiszka J, Cerchio S and others (2011)
Observations of individual humpback whales utilising
multiple migratory destinations in the south-western
Indian Ocean. Afr J Mar Sci 33:333−338
Excoffier L, Smouse PE, Quattro JM (1992) Analysis of
molecular variance inferred from metric distances
among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics 131:479−491
Excoffier L, Laval G, Schneider S (2005) Arlequin (version
3.0): an integrated software package for population
genetics data analysis. Evol Bioinform Online 1:47−50
Federal Register (2016) Endangered and threatened species; identification of 14 distinct population segments of
the humpback whale (Megaptera novaeangliae) and
revision of species-wide listing. Fed Reg 81:62259−62320
Fontaine MC, Roland K, Calves I, Austerlitz F and others
(2014) Postglacial climate changes and rise of three ecotypes of harbor porpoises, Phocoena phocoena, in western Palearctic waters. Mol Ecol 23:3306−3321
Fossette S, Heide-Jørgensen MP, Jensen MV, Kiszka J and
others (2014) Humpback whale (Megaptera novaeangliae) post breeding dispersal and southward migration in the western Indian Ocean. J Exp Mar Biol Ecol
450:6−14
Franklin W, Franklin T, Gibbs N, Childerhouse S and others
(2014) Photo-identification confirms that humpback
whales (Megaptera novaeangliae) from eastern Australia
migrate past New Zealand but indicates low levels of
interchange with breeding grounds of Oceania. J Cetacean Res Manage 14:133−140
Franklin W, Franklin T, Andrews-Goff V, Paton DA, Double
M (in press) Movement of two humpback whales
(Megaptera novaeangliae) satellite-radio tagged off
Eden, NSW and matched by photo-identification with
the Hervey Bay catalogue. J Cetacean Res Manage
Gales N, Bannister JL, Findlay K, Zerbini A, Donovan GP
(2011) Humpback whales: status in the Southern Hemisphere. J Cetacean Res Manage Spec Issue 3:1−317
Garland EC, Noad MJ, Goldizen AW, Lilley MS and others
(2014) Population structure of humpback whales in the
western and central South Pacific Ocean determined by
vocal cultural exchange. J Acoust Soc Am 135:2240
Garland EC, Goldizen AW, Lilley MS, Rekdahl ML and others (2015) Population structure of humpback whales in
the western and central South Pacific Ocean as determined by vocal exchange among populations. Conserv
Biol 29:1198−1207
Garrigue C, Aguayo A, Amante-Helweg VLU, Baker CS and
others (2002) Movements of humpback whales in Oceania, South Pacific. J Cetacean Res Manage 4:255−260
Garrigue C, Olavarría C, Baker CS, Steel D, Dodemont R,
Constantine R, Russell K (2006) Demographic and
genetic isolation of New Caledonia (E2) and Tonga (E3)
breeding stocks. Paper SC/A06/HW19 presented to the
Scientific Committee of the International Whaling Commission, Hobart, 3–7 Apr 2006
Garrigue C, Baker CS, Constantine R, Poole M and others
(2011) Movement of individual humpback whales between the breeding grounds of Oceania, South Pacific
1999–2004. J Cetacean Res Manage 3 (Spec Issue):275–281

Garrigue C, Clapham PJ, Geyer Y, Kennedy AS, Zerbini
AN (2015) Satellite tracking reveals novel migratory
patterns and the importance of seamounts for endangered South Pacific humpback whales. R Soc Open Sci
2:150489
Jackson JA, Pampoulie C (2012) Stock definition: terminologies revisited. Paper SC/64/SD3 presented to the Scientific Committee of the International Whaling Commission
Jackson JA, Steel DJ, Beerli P, Congdon BC and others
(2014) Global diversity and oceanic divergence of humpback whales (Megaptera novaeangliae). Proc R Soc B
281:20133222
Jacobs J (2011) Individual based rarefaction using R-package. www.jennajacobs.org/R/rarefaction.html (accessed
15 June 2016)
Jombart T (2008) adegenet: a R package for the multivariate
analysis of genetic markers. Bioinformatics 24:1403−
1405
Jombart T, Devillard S, Dufour AB, Pontier D (2008) Revealing cryptic spatial patterns in genetic variability by a
new multivariate method. Heredity 101:92−103
Kershaw F, Carvalho I, Pomilla C, Loo J and others (2017)
Multiple processes drive genetic structure of humpback
whale (Megaptera novaeangliae) populations across
spatial scales. Mol Ecol 26: 977−994
Librado P, Rosaz J (2009) DnaSP v5: a software for comprehensive analysis of DNA polymorphism data. Bioinformatics 25:1451−1452
Mackintosh NA (1942) The southern stocks of whalebone
whales. Discov Rep 22:197−300
Mendez M, Subramaniam A, Collins T, Minton G and others
(2011) Molecular ecology meets remote sensing: environmental drivers to population structure of humpback
dolphins in the western Indian Ocean. Heredity 107:
349−361
Morin PA, Martien KK, Archer FI, Cipriano F, Steel D, Jackson J, Taylor B (2010) Applied conservation genetics and
the need for quality control and reporting of genetic data
used in fisheries and wildlife management. J Hered 101:
1−10
Moritz C (1994) Defining ‘evolutionary significant units’ for
conservation. Trends Ecol Evol 9:373−375
Murray A, Cerchio S, McCauley R, Jenner CS and others
(2012) Minimal similarity in songs suggests limited exchange between humpback whales (Megaptera novaeangliae) in the southern Indian Ocean. Mar Mamm Sci
28:E41−E47
Nei M (1987) Molecular evolutionary genetics. Columbia
University Press, New York, NY
Nicol S, Constable AJ, Pauly T (2000) Estimates of circumpolar abundance of Antarctic krill based on recent acoustic
density measurements. CCAMLR Sci 7:87−99
Noad MJ, Cato DH, Bryden MM, Jenner MN, Jenner KCS
(2000) Cultural revolution in whale songs. Nature 408:
537
Oksanen J (2016) Vegan: ecological diversity. R-package
vignette. ftp://debian.ustc.edu.cn/CRAN/web/packages/
vegan/vignettes/diversity-vegan.pdf (updated September 7, 2016)
Oksanen J, Blanchet FG, Friendly M, Kindt R and others
(2016) Package ‘vegan’. Version 2.4-1. https://cran.rproject.org/web/packages/vegan/vegan.pdf
(updated
September 7, 2016)
Olavarría C, Baker CS, Garrigue C, Poole M and others
(2007) Population structure of South Pacific humpback

Rosenbaum et al.: Circumpolar genetic structure of humpback whale

567

whales and the origin of the eastern Polynesian breeding
grounds. Mar Ecol Prog Ser 330:257−268
Peacock E, Sonsthagen SA, Obbard ME, Boltunov A and
others (2015) Implications of the circumpolar genetic
structure of polar bears for their conservation in a rapidly
warming Arctic. PLOS ONE 10:e112021
Petit RJ (2008) The coup de grâce for the nested clade phylogenetic analysis? Mol Ecol 17:516−518
Pomilla C, Rosenbaum HC (2005) Against the current: an
inter-oceanic whale migration event. Biol Lett 1:476−479
Pomilla C, Amaral AR, Collins T, Minton G and others (2014)
The world’s most isolated and distinct whale population?
Humpback whales of the Arabian Sea. PLOS ONE 9:
e114162
R Core Team (2016) R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna. www.R-project.org
Rambaut A, Drummond AJ (2007) Tracer v1.5: MCMC trace
analyses tool. http://beast.bio.ed.ac.uk/Tracer (accessed
25 September 2014)
Robbins J, Dalla Rosa L, Allen JM, Mattila DK and others
(2011) Return movement of a humpback whale between
the Antarctic Peninsula and American Samoa: a seasonal
migration record. Endang Species Res 13:117−121
Rocha RC Jr, Clapham PJ, Ivashchenko YV (2014) Emptying
the oceans: a summary of industrial whaling catches in
the 20th century. Mar Fish Rev 76:37−48
Rosenbaum HC, Pomilla C, Mendez M, Leslie MS and others (2009) Population structure of humpback whales from
their breeding grounds in the South Atlantic and Indian
oceans. PLOS ONE 4:e7318
Rosenbaum HC, Maxwell S, Kershaw F, Mate B (2014)
Long-range movement of humpback whales and their

overlap with anthropogenic activity in the South Atlantic
Ocean. Conserv Biol 28:604−615
Ruegg K, Rosenbaum HC, Anderson EC, Engel M and others (2013) Long-term population size of the North
Atlantic humpback whale within the context of worldwide population structure. Conserv Genet 14:103−114
Schmitt NT, Double MC, Jarman SN, Gales N and others
(2014) Low levels of genetic differentiation characterize
Australian humpback whale (Megaptera novaeangliae)
populations. Mar Mamm Sci 30:221−241
Seakamela SM, Findlay K, Meÿer M, Kirkman S and others
(2015) Report of the 2014 cetacean distribution and
abundance survey off South Africa’s west coast. Paper
SC/661/SH30 presented to the IWC Scientific Committee, San Diego, USA, June 2015
Stevick PT, Neves MC, Johansen F, Engel MH and others
(2011) A quarter of a world away: female humpback
whale moves 10 000 km between breeding areas. Biol
Lett 7:299−302
Stevick PT, Allen JM, Engel MH, Félix F, Haase B, Neves
MC (2013) Inter-oceanic movement of an adult female
humpback whale between Pacific and Atlantic breeding
grounds off South America. J Cet Res Manage 13:
159−162
Weir BS, Cockerham CC (1984) Estimating F-statistics for
the analysis of population structure. Evolution 38:
1358−1370
Wright S (1943) Isolation by distance. Genetics 28:114−138
Zerbini AN, Andriolo A, Heide-Jørgenson MP, Pizzorno JL
and others (2006) Satellite-monitored movements of
humpback whales Megaptera novaeangliae in the
Southwest Atlantic Ocean. Mar Ecol Prog Ser 313:
295−304

Editorial responsibility: Simon Goldsworthy,
West Beach, South Australia, Australia

Submitted: July 20, 2016; Accepted: February 28, 2017
Proofs received from author(s): June 13, 2017

